Abstract: This paper presents flexible electronics with a bio-compatible material interface for bio-signal monitoring applications. Organic thin-film transistors (TFT) are integrated with the bio-compatible gel interface in a 1.2-µm-thick film substrate. An electrocardiogram (ECG) of a rat is amplified by an organic TFT amplifier circuit that is mounted directly on the surface of the heart. In addition to the flexible electronics implantation, an implantable wireless sensor is introduced in this report. Integration between the flexible organic electronics and the silicon devices produces a promising technology for next-generation internet-of-things (IoT) sensors.
Introduction
The internet of things (IoT) is a broadly attractive topic in many research fields related to clinical, automotive, infrastructure, wearable, and agricultural applications. In the IoT concept, analog signals monitored by a sensor in real space are transferred to cyberspace via the internet. The analog signals can be generated by sensor devices to monitor electrical, magnetical, and physical information.
Flexible electronics are expected to become next-generation sensor devices according to their benefits of low cost, large-area sensing function, and disposability [1, 2, 3] . Physical pressure distribution is monitored by a large-area flexible pressure sensor matrix for artificial skin applications [4] . A flexible ultrasonic imaging sheet can be produced from a polymeric ultrasonic-transducer array and an organic transistor active matrix [5] . Stretchable electromagnetic interference (EMI) measurement sheets have been developed using organic CMOS decoder circuits and 0.18 µm silicon CMOS circuits [6] .
The application of flexible electronics has already matured, yielding sensor devices able to generate analog signals. However, current flexible electronics have lower performance than silicon-based technologies can offer. For a flexible electronics society, collaboration with silicon circuits is inevitable in the current performance level to achieve real-time monitoring functions.
Silicon technology presents benefits in terms of high performance, large-scale integration, and low-power operation. Regarding analog-to-digital converters (ADC), flash, SAR, ÁAE, and ADC have been proposed using organic transistors [7, 8, 9 ]. However, their resolution and signal bandwidth remain insufficient: less than 7 bit and slower than 1 kHz. Because of the constrained capabilities of the flexible electronics, it is important to combine the benefits of flexible electronics and silicon technology, as presented in Fig. 1 .
Sensing using a flexible interface imposes little stress to objects because of its mechanical flexibility. The generated signal can be amplified by the flexible circuit that is directly integrated in the sensing terminal. The amplified signals are then digitized and transferred to the internet using silicon technology.
As described in this report, we introduce the combination of flexible electronics and silicon technology for the application of implantable (in vivo) devices. In vivo electronic monitoring systems represent a promising technology for obtaining biosignals with high spatiotemporal resolution. Flexible electronic devices have attracted much attention because they are applicable on complex curved surfaces with a large area of coverage. Recently, flexible in vivo neural interfaces have been demonstrated using silicon nanomembrane thin-film transistor (TFT) active matrices to monitor neural activities in a cat brain electrically with high spatial and temporal resolution and to elucidate and map neural circuits in acute brain slices [10, 11] . Organic TFTs and related structures have been investigated to improve mechanical flexibility further [12, 13, 14, 15, 16, 17].
Flexible organic amplifier with biocompatible gel composite
This section explains the fabrication of a biocompatible highly conductive gel composite to amplify weak bio-signals: it comprises a multi-walled carbon nanotube (CNT) dispersed sheet and a mechanically flexible organic active matrix amplifier on a 1.2-µm-thick polyethylene-naphthalate film [18] . A 3-D integrated image is presented in Fig. 2 , showing the bio-compatible conductive gel and CNTsheet composite, thin-film capacitor, organic pseudo-CMOS inverter amplifier array [19] , and organic TFT active matrix. The bio-compatible gel interface can be attached directly to an organ of an animal without antibody response. The integrated flexible organic amplifier circuit increases the bio-signal amplitude near the electrode surface. Fig . 3 (a) portrays high-resolution cross-sectional electron microscopy images of a CNT/polyrotaxane gel composite. The transmission electron microscopy (TEM) images of the specimen after drying in vacuum clearly depict the polyrotaxane-based gels as coated onto the multiwalled CNTs with 5-10 nm diameter. A bilayer CNT-sheet/gel composite was formed by 365-nm UV irradiation for 5 min, as presented in Fig. 3(b) .
The entire CNT surface is uniformly coated with aqueous polyrotaxane-based gel using a hydrophilic ionic liquid. This structure, which has an increased effective surface ratio (electrode area), exhibits admittance of 100 mS/cm 2 without sacrificing softness, which is an important characteristic of gels. The chemically stable gel composite is mechanically flexible and stretchable, with Young's modulus of approximately of approximately 10 kPa. When the gel composite was implanted into the hypodermal tissue of a living body for four weeks, the foreign-body reaction of the tissue was less than that obtained when using existing metal electrodes. The bilayer gel composite had admittance of 100 mS/cm 2 , which is the highest reported value among CNT-based conductive gels, even in a low-frequency range. The admittance of the CNT/polyrotaxane gel composite was evaluated using AC measurements, as shown in Fig. 3(c) . Polyrotaxane-based gels with different conductive layers, such as a graphite sheet, Au-coated film, and Al-coated film, are also shown for comparison. The CNT-sheet/gel composite showed the highest admittance in the low-frequency range because of the large surface ratio of the CNT-based conductive electrodes, which have admittance of two or three orders of magnitude higher than those of metal/gel-based composite electrodes. In fact, the CNT/gel interface formed a highly capacitive electronic double layer with capacitance exceeding 140 µF/cm 2 . We organized all biocompatibility tests under rules of internationally standardized procedures for colony-forming assay (ISO10993-5) and implant assay (ISO10993-6). Fig. 4(a) . A waterproof hybrid encapsulation stack comprising a 200-nm-thick Au layer sandwiched between a 100-nm-thick or a 1.2-µm-thick parylene layer was deposited on the transistors to serve as a passivation layer against oxygen diffusion, humidity, and mechanical attrition in vivo and as an overcoat layer to enhance the mechanical flexibility and durability because the organic semiconducting layer was located at the neutral strain position [22] , leading to reduction in the effective strain at the TFT plane. The ultrathin transistors, which exhibited high mechanical flexibility, showed no change in performance even with a 50-µm bending radius, as portrayed in Fig. 4(b) . Fig. 4(c) shows the two-dimensional array of organic amplifiers fabricated directly on a 1.2-µm-thick flexible polyethylene-naphthalate (PEN) substrate. 5 (a) presents a circuit diagram and a photograph of the organic amplifier comprising a pseudo-CMOS inverter on a 1.2-µm-thick ultraflexible PEN with organic circuits, CNT-gel composite (CNT-gel), input capacitor (C), and resistance (R). The input impedance and power requirements for the amplifiers are, respectively, 100 kΩ and 10 µW. The pseudo-CMOS inverter has five electrical terminals: input, output, power source voltage V DD , tuning voltage V SS , and ground GND. It can operate within 2 V with the signal gain exceeding 400. Moreover, it can maintain this level of electrical performance even when bent at a bending radius of 50 µm. The propagation delay per stage of the transistors was 23.4 µs at 2 V, which corresponds to the frequency response of 42.7 kHz on a single transistor.
A direct epicardial electrocardiogram was obtained using self-feedback-type organic amplifiers by combining the inverter, a conductive gel sheet, a resistor made of conductive carbon paste (R ¼ 2:1 MΩ), and a capacitor formed using SAM/AlO x dielectrics sandwiched between Au electrodes (C ¼ 670 nF). The gel composite was placed on a rat heart and was interconnected to an organic amplifier sheet using electrical connections as presented in Fig. 5(b) . A 1.2-mV input signal obtained from the heart was amplified to a 220-mV output signal using an amplifier (signal gain: approx. 200) as presented in Fig. 5(c) . The input SNR of 0.53 was increased to 64 after amplification.
This report is the first to describe a demonstration of in vivo bio-signal amplification from hypodermal tissue using organic circuits. Moreover, this report is the first to describe a technique for integration of an ultrathin active matrix amplifier array with biocompatible gels. This report also includes the first demonstration of electrocardiogram measurement of the heart of a living rat. Recently, ECoG has become an attractive tool for clinical observations, medical research, and Brain-Machine Interface (BMI) studies [24] . Its in vivo approach presents benefits for spatial resolution, signal-to-noise ratio, and frequency range compared to scalp electroencephalography (EEG) [25] . Flexible sheet electrodes reportedly achieve less-invasive ECoG recording with soft materials [26, 27, 28] . Flexible sheet electrodes also provide biocompatibility and mechanical softness, which can facilitate and enhance long-term monitoring. Along with ECoG recording, a manipulation method of neurons, optogenetics, has become widely recognized as a tool to activate and inhibit cells into which channelrhodopsin has been introduced [29] . Channelrhodopsin-2 (ChR2) can be used for millisecond control of specific neurons by blue light [30] . Halorhodopsin is a light-gated pump by yellow light [31] . The neural manipulation function can be implemented in small systems using recently developed low-power devices.
The system proposed in this report is designed to realize long-term ECoG monitoring and remote optogenetics for primate animals during free movements. The proposed sensor implantation image is depicted in Fig. 6 . The flexible electrode is covered by a bio-compatible gel interface that is attached directly to the primate's brain. The sensor system must be made smaller, thinner, and lighter because primates cannot behave normally with heavy or large monitoring devices attached to them. The proposed system has been minimized with the ADC stacked structure with low-noise (1-µV input referred noise) and 24-bit high resolution. In addition to the implantable system, this section presents a flexible ECoG recording electrode, flexible LED probe, and a software interface for the system. using a micro-USB port in the main board. The board also has two LED drivers that can output up to 10 mA driving current. The ADC board has an 8-channel 24-bit analog front end and a reference voltage (= supply voltage/2) generator using an operational amplifier. The main and ADC boards are connected by 23-pin 0.3-mm-pitch flexible cables (0.232 g/cable). Eight ADC boards are stacked to realize an ADC cube architecture that in a small device: 25 mm Â 20 mm Â 20 mm and 7.82 g. Fig. 7 (c) presents a block diagram of the proposed system. The main board DC-DC converter provides 5-V and 3-V VDD. The Wi-Fi module and FPGA operate at 5-V VDD; the ADC needs both VDDs. Fig. 8 presents the developed flexible sheet electrode with a parylene substrate and the flexible 50-µm-thick LED probe and a 500-µm-wide polyimide substrate. The flexible sheet electrode is covered by a shape-memory polymer designed to be flexible from solid state at 35°C body temperature [32] . The electrode is solid at room temperature when inserted into the brain, but it is flexible because of the body temperature for non-invasive measurement. The LED cable includes 465-nm 3.3-V blue LED and 590-nm 2.5-V yellow LED. The LEDs have 1:0 mm Â 0:5 mm Â 0:5 mm size and 120°directivity. The LEDs have 1.58-mW/mm 2 irradiance at 2.89-V and 5-mA power consumption, which can induce action potentials [33] . All methods of animal care and use were performed by medical doctors with approval from the Institutional Animal Care and Use Committee of Osaka University. A rat (350 g, 20 week old male) was anesthetized and maintained with isoflurane in a 50% mixture of oxygen and air. For the experiments, the temperature of the rat was maintained at 36°C. Fig. 9 presents an ECoG recording with a flexible sheet electrode, the main board, and an ADC board. The electrode sheet has a ground electrode, a reference electrode, and sensing electrodes. The ground and reference electrodes were placed at different places on the brain surface. The sensing electrodes are inserted in the brain to monitor ECoG signals. The proposed system recorded the ECoG signals.
Conclusion
As described herein, using the novel gelatinous composite as a biocompatible electrode for implantable electronics, we have reduced the foreign-body reaction compared with widely used metal electrodes, whereas the new material maintains extraordinarily high AC admittance of 100 mS/cm 2 , even in the low-frequency range. The gel composites described above were integrated with a two-dimensional array of ultrathin flexible organic amplifiers to produce biocompatible interfaces between the biological tissues and the electrodes of the electronic components. The feasibility of the system was demonstrated through direct measurement of epicardial electrocardiogram signals at an amplification factor of 200. This report also describes a wireless 64-channel electrocorticogram (ECoG) recording system with two-channel optogenetics manipulation. The proposed system, which is designed to be extremely small to make it implantable into an animal, comprises a main board and ADC boards. A biocompatible and flexible ECoG electrode is proposed for non-invasive monitoring. The electrode is covered by shape-memory polymer, which is solid at room temperature (27°C) and which is flexible at body temperature (35°C). In addition to the recording channels, two blue and yellow LEDs were developed on a flexible polyimide cable for optogenetics. This report presents experimentally obtained results demonstrating that the proposed system can record a rat ECoG with a flexible electrode and the proposed wireless system. 
